Electroencephalographic (EEG) research has suggested relatively reduced brain activity in the left frontal and right posterior region trait-markers of depression. However, inconsistent results have been reported. Based on previous studies reporting the heart rate variability (HRV) as an index of emotional regulation, this study makes a novel investigation of the role of heart rate variability (HRV) as a moderator in the relationship between frontal and parietal alpha asymmetry and depression. Resting EEG (eyes open) was recorded in 38 patients with MDD and 34 healthy subjects. Frontal and parietal alpha asymmetries were calculated at total (8e12 Hz), high (10e12 Hz), and low (8e10 Hz) alpha frequency bands. Three vagally mediated HRV (vmHRV) components (LF, HF, and the LF/HF ratio) were calculated in the frequency domain. Relatively greater right parietal alpha activity significantly predicted the severity of depression only when HF was low (or the LF/HF ratio was high) at low alpha frequency band. The interaction effect of parietal alpha asymmetry and vmHRV remained significant after including anxiety score as a covariate. No moderation effect of vmHRV was found for frontal sites and other frequency bands, as well as healthy subjects. These findings suggest that vmHRV moderates the association between parietal alpha asymmetry at low frequency band and depression for MDD patients. We suggest that the interaction between parietal alpha asymmetry and vmHRV may be a biomarker of MDD.
Introduction
Electroencephalography (EEG) studies have suggested abnormal alpha asymmetry, or the relative difference in EEG alpha power between homologous right and left electrodes [1] , as a trait marker of vulnerability to depression. Specifically, reduced relative activity (inferred from relatively high alpha power [2] ) in the left frontal [3, 4] and right posterior [5, 6] regions of the brain has been reported to characterize depression. According to Davidson' s approach-withdrawal model [7] , relatively greater left frontal activity is associated with approach-related positive emotion, whereas relatively greater right frontal activity is related to withdrawal-related negative emotion. Previous studies have found that relatively reduced left frontal activity distinguishes depressed and euthymic individuals with a history of depression from never-depressed individuals [3, 8] . Frontal alpha asymmetry was also associated with greater depression severity [9, 10] , and was reported to be temporally stable and state-independent [11, 12] . In contrast, reduced right parietal activity is thought to reflect low emotion-related arousal [13, 14] . Relatively reduced right parietal activity has been found in previously depressed patients [5] as well as in children with both parents with major depressive disorder (MDD) [15] .
In summary, alpha asymmetry has been discussed in the context of emotion, motivation, and arousal in affective disorders. However, several other studies have produced contradictory findings. For instance, no significant difference was found in frontal asymmetry between non-depressed and depressed individuals [16] . The inconsistency of findings is more apparent in parietal asymmetry, where a reverse pattern (i.e. greater right parietal activity) was reported in several studies [17, 18] . One of the possible explanations for the inconsistent results is the role of emotional regulation, or the ability to appropriately modulate emotion in response to environmental changes [19] , in the relationship between alpha asymmetry and depression. Recent theories of affective disorders have emphasized the importance of emotional regulation in the onset and development of depression [19, 20] . As frontal and parietal asymmetries are suggested to be indicators of emotion responding and emotion-related arousal, respectively, one's ability to regulate emotion and arousal may have an effect on the relationship between alpha asymmetry and depression.
From this perspective, we suggest heart rate variability (HRV) as a variable that may moderate the association between alpha asymmetry and depression. HRV indicates a function of the autonomic nervous system, in which high HRV reflects healthy cardiac activity and low HRV reflects low parasympathetic activity and relatively excessive sympathetic activity [21, 22, 23] . In particular, previous research indicated that vagally mediated HRV (vmHRV) may reflect emotional and arousal regulation, higher vmHRV indicating better emotional regulation [24, 25] . Previous studies have reported a significant inverse correlation between self-reports on difficulties in emotional regulation and vmHRV [26, 27, 28] . Moreover, HRV has been suggested as an index of "flexible dynamic regulation of autonomic activity [29] ," reflecting an integration of neural feedback mechanisms of central nervous system and autonomic nervous system. vmHRV is also associated with brain regions associated with emotional regulation, such as the amygdala and the ventromedial prefrontal cortex, and reduced vmHRV is reported in subjects with psychopathologies including depression [29, 30, 31, 32] . Adopting the view that vmHRV is an index of emotional regulation and interplays with the brain, the current study aimed to investigate the role of vmHRV on the relationship between alpha asymmetry and depression.
Furthermore, recent studies have suggested the need to consider anxiety comorbidity and alpha frequency range when examining alpha asymmetry. Depression is often associated with anxiety, which tends to show a different pattern of alpha asymmetry, or greater right parietal activity and greater left frontal activity [33, 34] , compared to that of depression alone. In addition, narrow alpha sub-bands (low, 8e10 Hz; high, 10e12 Hz) may differ in functional characteristics and thus should be interpreted differently in clinical studies [35, 36, 37] . The low alpha band has been reported to be non-task specific and more sensitive to attention and cognitive performance, whereas the higher alpha band is more related to semantic or task-specific effects [38, 39] . However, the role of different alpha frequency ranges for alpha asymmetry in depression is unclear. Hence, the consideration of the severity of anxiety and the use of alpha sub-bands may account for the inconsistent results of the previous studies and may help further clarify the relationship between alpha asymmetry and depression. Furthermore, while previous studies on frontal and parietal asymmetry most commonly analyzed and reported the F3-F4 and P3-P4 component, this may be due to publication bias [40] . Other methodological differences such as length of measurement and sex-specific differences [41, 42] may have attributed to the previous inconsistent results as well.
In sum, the present study aimed to explore the interaction of alpha asymmetry with vmHRV in MDD patients and healthy controls. We analyzed alpha sub-bands to examine if they show different patterns in their relation to depression.
Methods

Participants
A total of 72 subjects between ages of 20 and 65 participated in this study. Patients with MDD were recruited from Ilsan Paik hospital and community mental health centers in South Korea. They were diagnosed according to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition [43] , by board-certified psychiatrists, and had no history of psychotic symptoms or bipolar disorder. The healthy participants were volunteers from the local community, and had no current or previous diagnosis of mental health. Yet, it should be noted that volunteer bias may threaten the external validity and the participants may have been affected by factors specific to the local community. Only right-handed participants were included in the study, and those with epilepsy, impaired vision, brain injury, or other severe medical conditions were excluded. In addition, to control for the possible effect of heart disease on vmHRV, subjects with a history of heart disease were excluded from the study. The final sample included 38 patients diagnosed with MDD and 34 healthy subjects. MDD patients consisted of 28 women and 10 men with a mean age of 42.24 years (SD ¼ 13.76) and mean education of Informed consent was obtained prior to participation.
Psychological assessment
The severity of depression was assessed by the Korean version of the Beck Depression Inventory (BDI)-II, a commonly used self-reported rating inventory that includes 21 items rated on a 4-point scale. The Korean version of BDI-II showed high Cronbach's alpha (a ¼ .85) and test-retest reliability (r ¼ .75) [44] . The internal consistency for the participants was excellent (a ¼ .95). Anxiety was measured by the Korean version of the Beck Anxiety Inventory (BAI), a self-reported questionnaire comprising 21 items. BAI assessment showed internal consistency and test-retest reliability of .93 and .84, respectively [45] . The BAI Cronbach's alpha for the participants was .94.
Measures and analysis
EEG measures
Participants wore an electrode cap and were seated in a comfortable chair in a soundattenuated room. EEG was recorded for 3 minutes at rest for both eyes open and eyes closed conditions. EEG signals were recorded using a NeuroScan SynAmps 2 amplifier (Compumedics, El Paso, TX, USA) from 62 Ag/AgCl surface electrodes mounted on a Quik-Cap (Compumedics, El Paso, TX, USA) according to the extended International 10e20 system. The electrode was referenced at Cz and the ground electrode was placed on the forehead. A vertical electrooculogram (EOG) was recorded using bipolar electrodes, one located above and one below the right eye. A horizontal EOG was recorded at the outer canthus of each eye. The impedance of the electrodes was maintained at less than 5 kU. EEG data were recorded with a 0.1e100-Hz bandpass filter at a sampling rate of 1,000 Hz, with 60 Hz noise removed using a notch filter.
The recorded EEG data were preprocessed using Scan 4. The data were segmented into w 2 s (2,048 points) epochs, and the epochs with signals exceeding AE100 mV on any of the 62 electrode sites were excluded from further analysis. A total of 30 epochs (w60 s) were prepared for each participant. A Fast Fourier transformation was performed on the 62 electrodes to form the low (8e10 Hz), high (10e12 Hz), and total (8e12 Hz) frequency alpha bands [48] . We considered three paired sites for the frontal region (FP1-FP2, F3-F4, F7-F8) [40, 49] and four for the parietal region (P1-P2, P3-P4, P5-P6, P7-P8) [6] .
Alpha symmetry was defined as the lateral index by comparing the corresponding frequency band percentages of the left and right hemispheres [50, 51, 52] . This method includes measuring the difference between the two hemispheres divided by their sum, and multiplying the result by 100 (A ¼ (P left e P right )/(P left þ P right ) Â 100, where P left and P right are the absolute powers of the corresponding frequency band in the appropriate brain electrode. A positive value indicates greater alpha or reduced brain activity in the left hemisphere, whereas a negative value indicates greater alpha or reduced brain activity in the right hemisphere.
HRV measures
A 5-min single-channel (3-lead) electrocardiogram (ECG) signal was measured. Participants were instructed to avoid smoking and caffeine intake 6 h prior to the measurement. The ECG electrode sensors were attached to the left and right wrists and left ankle. Prior to recordings, each subject was given approximately 5 minutes of rest in order to control for the environmental effects on heartbeat. Then, recordings were performed in seated position at complete rest using the SA-3000P HRV analyzer (Medicore Co., Ltd, Seoul, Korea). The analyzer detected signals at 500
Hz, and the ECG signal was amplified and digitized. A band-pass filter with default passband of 5e200 Hz was applied to the recorded ECG data for artifact rejection.
The following vmHRV parameters were calculated by frequency domain spectral analysis: low-frequency power (LF; .04e0.15 Hz), high-frequency power (HF;
.15e0.4 Hz), and LF/HF ratio. These parameters were chosen on the basis of previous studies indicating that low high-frequency and high LF/HF are associated with depression [53, 54] . HF is considered as an index of parasympathetic modulation [55] , whereas LF is often proposed to reflect both sympathetic and parasympathetic activity [56] .
Statistical analyses
Normality was first tested for each variable. Distributions with a skewness over 2.0 and a kurtosis over 7.0 are considered moderately non-normal [57] . All variables except LF/HF were within the range of a normal distribution. Therefore, LF/HF ratio was log transformed for further analysis. Covariate variables were determined using Pearson's correlation analysis. As a result, education, which had a significant effect on the dependent variable (r ¼ .405, p ¼ .012) was entered as a covariate in further analyses. Sex was also included as a covariate for its differential impact on alpha asymmetry [58, 59] ; female tend to show stronger and consistent alpha asymmetry patterns than males.
For both MDD patients and healthy controls, the zero-order correlation of main variables revealed that several asymmetry indices at frontal and parietal areas were correlated. To reduce multicollinearity due to correlation between independent variables, mean centering was performed for all variables included in regression analysis. There was no other significant correlation among the main variables.
Three-step hierarchical regression analysis was performed for all subjects, and the patients and healthy subjects separately to examine the interaction effects of the alpha asymmetry and vmHRV indices on depression. Education and sex were entered as the covariates in the first block, alpha asymmetry and vmHRV index in the second block, and the interaction between alpha asymmetry index and vmHRV in the third block. The BDI total score was entered as the dependent variable. In addition, to investigate the effect of anxiety comorbidity, as described in previous studies [34, 60] , we executed additional regression analysis including the total BAI score as the covariate.
In addition, we tested a model with depression as the independent variable and alpha asymmetry as the dependent variable to examine the possibility of depression affecting alpha asymmetry, instead of alpha asymmetry affecting depression. We also tested a model with depression as the independent variable and vmHRV as the dependent variable to examine if depression affects vmHRV. These analyses were done in order to ensure that our model best described the relationship among alpha asymmetry, vmHRV, and depression.
Results
Descriptive statistics
Demographic variables
Among a total of 72 participants, there were more women than men (52:20) , and age of the participants ranged from 20 to 65. Healthy participants had significantly longer education years than MDD patients (p ¼ .001). There were no significant group differences in sex and age. Mean BDI-II and BAI scores for MDD patients and healthy controls are presented in Table 1 . MDD patients had significantly higher BDI (p < .001) and BAI (p < .001) scores.
vmHRV measures
In general, descriptive statistics for vmHRV indexes were slightly lower than the published norm values (see [61] .012) frequency band than healthy subjects. Mean HF and LF/HF ratio as well as the mean alpha asymmetry index at the frontal lobe and parietal lobe for each group are presented in Table 1 . 
Interaction between alpha asymmetry and vmHRV
For the frontal region, hierarchical regression analyses revealed no significant interaction effects of frontal alpha asymmetry index and vmHRV on the BDI score for total, MDD patients and healthy subjects. Specifically, no interactions between any of the frontal alpha asymmetry sites and vmHRV significantly predicted the BDI score.
For the parietal region, the regression model (F (16) Fig. 1 ). Additional regression analysis with the BAI score as the covariate showed that the interaction between parietal alpha asymmetry index at P3-P4 and LF/HF ratio remained statistically significant (b ¼ -.548; p ¼ .016). No significant results were found at the high and total alpha bands, or for total participants and healthy controls. Furthermore, the results were insignificant when alpha asymmetry index and vmHRV were entered as dependent variables and depression as the independent variable, demonstrating that the current model best describes the relationship among alpha asymmetry, vmHRV, and depression. Note. HF, high-frequency heart rate; Ratio, the LF/HF heart rate variability ratio. *p < 1.0, **p < 0.5.
Discussion
The primary aim of this study was to explore the effect of the interaction between alpha asymmetry and vmHRV on depression severity in both MDD patients and health subjects. Overall, our results indicate that the lower the HF (or the higher the LF/HF ratio), the greater the influence of parietal alpha asymmetry index of low frequency band on depression in MDD patients; a more negative asymmetry index refers to relatively greater right parietal alpha power or reduced right brain activity. The interaction effect of parietal alpha asymmetry and vmHRV remained statistically significant after including the BAI total score as a covariate. No significant results were found in healthy participants. Furthermore, no moderation effect of vmHRV was found for frontal sites and other frequency bands in both patients and healthy subjects. Nevertheless, there were significant group differences in frontal (FP1-FP2, F3-F4) and parietal (P7-P8) asymmetries between patient and healthy participants, corroborating the results of the previous studies suggesting that reduced left frontal alpha activity and reduced right parietal alpha activity distinguish depressed from non-depressed individuals [3, 8, 12, 60] . Our results suggest a role for vmHRV as a moderator in the relationship between parietal alpha asymmetry and depressive symptoms (Fig. 2) . Specifically, higher HF or lower LF/HF ratios significantly weakened the negative relationship between parietal alpha asymmetry index of the low frequency band (P5-P6 and P3-P4, respectively) and the BDI score. These findings suggest that high vmHRV may be protective against the influence of parietal alpha asymmetry on depression. In other words, individuals who have both relatively reduced right parietal activity and high vmHRV may be less susceptible to depression. Conversely, the combination of relatively reduced right parietal activity and decreased vmHRV could confer vulnerability to depression.
Previous studies have reported that vmHRV may reflect the ability to generate regulated emotional and arousal responses through the autonomic nervous system [29, 63, 64] , and can be an indicator of individual differences in emotion regulatory capacity [25, 65] . HF, which reflects parasympathetic tone, is involved in emotion and arousal regulation by keeping the heart rate stable [66] and inhibiting autonomic arousal in emotional expression [25] . The LF/HF ratio, which reflects sympathovagal balance [67] , may moderate depressive vulnerability via autonomic regulation. An increased LF/HF ratio (sympathetic dominance) is usually related to autonomic dysregulation, such as increased overnight urinary cortisol, proinflammatory cytokines, and acute-phase proteins [68, 69, 70] . The possible role of vmHRV as a moderator in the relationship between relatively reduced right parietal activity and depression may therefore reflect the role of autonomic regulation. Yet, it should be noted that there has been critical discussion on the validity of LF/HF ratio as an index of sympatho-vagal balance, and thus should be interpreted with caution (for more information, see [71] ).
Based on the postulation that parietal alpha asymmetry reflects emotion-related arousal [13, 14] , increased vmHRV may mitigate depressive vulnerability related to parietal alpha activity by enhancing regulatory capability. Indeed, several clinical studies have shown regulatory effects of HRV-based interventions in a variety of clinical symptoms [72] . This increased vmHRV could reflect greater prefrontal neuronal inhibitory activity [29] , suggesting that the greater the ability to inhibit response levels of emotional arousal, the lower the effect of abnormal parietal alpha asymmetry on depression. This view of vmHRV may underlie the insignificant interaction between vmHRV and frontal alpha asymmetry reported in this study. In particular, the ventral striatum, which has been identified as a neural component associated with frontal asymmetry during reward processing [73] , is also suggested as a neural correlate of HF [74] . Thus, frontal asymmetry and vmHRV may be closely associated with each other, playing an integrated role in depression, rather than vmHRV moderating the relationship between frontal asymmetry and depression.
Yet, the insignificant results could be due to other factors such as the experimental condition of the current study, which assessed alpha asymmetry only at rest. According to the capability model, individual difference in frontal alpha asymmetry is best revealed when the situational demands are taken into account [75] . have demonstrated that the relationship between frontal alpha asymmetry and depression status was stronger during directed facial action task compared to resting state [76] . Thus, the insignificant results in the present study may be attributed to using only resting state condition, which may reflect characteristics of depression less pronouncedly than during emotionally evoking tasks. However, this may be applicable to parietal alpha asymmetry as well, although there are not enough studies to confirm the difference between resting and task-elicited parietal asymmetry. Meanwhile, several studies have noted that age may influence HRV, for instance, a negative correlation between age and HRV was found [77, 78] .
The impact of age may be applicable for this study considering the range of the age of participants.
Furthermore, the moderating effect of vmHRV remained significant when the BAI score was included as a covariate. It is noteworthy that the moderation effect still existed even after controlling for anxiety symptoms, given that many prior studies have reported the possibility of depression and anxiety comorbidity affecting the results between parietal alpha asymmetry and anxiety. Previous studies have shown that depressed patients with anxiety had greater right than left activity in posterior region, whereas depressed patients without anxiety comorbidity had greater left than right activity in posterior region [60, 79] . In addition, anxious arousal has been linked to right parietal hyperactivation, an opposite pattern to that seen in depression [33, 80] . However, our results remaining significant after controlling for the level of anxiety indicates that the interaction results can be attributed to depression, rather than anxiety.
Yet, different patterns of results were found depending on alpha frequency bands and patient status. Specifically, the moderation effect of vmHRV on depression was observed only for alpha asymmetry at low frequency band in patients with MDD, but not other frequency bands (high and total) or healthy participants. Such different results can be due to alpha asymmetry at lowdas opposed to high or totaldfrequency band being a more suitable indicator of clinical symptoms. For instance, the abnormal alpha asymmetry pattern in ADHD patients was found to be the most predominant at low frequency band [81] . Although the role of alpha frequency sub-bands in depression is still ambivalent, individuals with high risk for depression also showed reduced left frontal alpha activity at low alpha frequency range compared to those with low risk [18] . Also, as suggested by previous EEG studies, high and low alpha sub-bands may have different functions in which the low frequency band is less task-specific than the high frequency band [82, 83] .
Finally, the insignificant results found in healthy subjects show that the interaction effect of vmHRV and parietal alpha asymmetry on depression may only pertain to individuals with clinical level of depression.
The present study has several limitations. First, most of the participants were under medication; antidepressants and benzodiazepines have been reported to decrease and increase vmHRV, respectively [84, 85, 86] . Second, the number of participants was relatively small to adequately address the moderation effect. Third, other factors that may affect vmHRV, such as cardiovascular training and body mass, were not controlled in the current study. Cardiovascular training [77] and body mass [87] could enhance and reduce HRV, respectively. In addition, although this study used the BAI to statistically control for level of anxiety, tools to measure more specific domains of anxiety such as anxious apprehension and anxious arousal were not
included. Yet, previous alpha asymmetry studies have reported different frontal asymmetry patterns between the two domains of anxiety [33, 80] . Future studies should therefore employ symptom measures of anxious apprehension and arousal in order to more effectively account for the potential effect of anxiety on the relationship between alpha asymmetry and depression. Lastly, only single short-term HRV was assessed in this study and therefore may be affected by situational factors [88] .
Future studies using repeated measurements of HRV would be necessary to confirm the results. Despite these limitations, it is believed that this study represents an important first step in the investigation of the relationship between alpha asymmetry and vmHRV.
Conclusion
The results of the present study suggest that vmHRV and parietal alpha asymmetry interaction may be a plausible candidate of a biomarker of MDD. Increased vmHRV seems to decrease the depression-predicting effect of reduced right parietal activity.
vmHRV may play a role as a potential moderator of parietal alpha asymmetry in patients with MDD. Larger studies, controlled for medication and comorbidity, are needed to confirm the findings.
